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Background of the Invention 
The invention relates to digitizing bar code symbol data. 

Bar codes symbols are graphical objects that encode information as altemating dark and 
light portions, i.e., altemating regions of different light reflectivity, having specific relative widths. 
Bar code scanners have a wide range of appHcations, including reading bar code symbols provided 
on products. From analog electrical signals containing information representative of reflected Ught 
firom the bar code symbols, the scanners produce digitized electrical signals tiiat are typically fed to 
computing apparatus for decoding and providing an identification of the product to which the bar 
code symbol is applied. Examples of bar code symbols and scanners are found in almost every 
supermarket, convenience store, and department store, as well as in warehouses and factories that 
use bar code symbols and scaimers for inventory and production control. 

Bar code scanners include laser scanning bar code readers, which scan the spot of a laser 
beam across a bar code, and bar code imaging systems, which image the entire bar code onto a 
sensor (e.g., a CCD). 

To decode the information, the bar code scaimer must determine the relative widths of the 
dark and light portions to an effective degree of accuracy. Typically, if the scanner acquires a 
representation of the bar code symbol in which the symbol is blurred (e.g., due to optical or 
electrical filtering or being out-of-focus), decoding the information is difficult because the 
transitions between the dark and light portions (i.e., boundaries between the adjoining regions of 
different light reflectivity) become indistinct, which compUcates the determination of the relative 
widths. 

Summary of the Invention 
The invention provides a method and a system for use in digitizing blurred signals 
representative of bar code symbols by taking into account characteristics specific to bar code 
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symbols, thereby improving the working range and effective resolving power of a bar code scanner 
by allowing the scanner to decode symbol images acquired at distances or under conditions that 
cause blurring of the analog signal representing the scanned symbol. Such blurring could result 
from out-of-focus optics, undersampling, poorly printed symbols, low pass filtering of the analog 
5 signal, or other causes. The invention also improves decoding accuracy in the presence of low and 
high frequency noise, 

Li a first aspect, the invention features processing an analog electrical signal containing 
information representative of reflected light from indicia including regions of different light 
reflectivity, wherein the analog electrical signal contains edge transitions corresponding to 

1 0 boimdaries between adjoining regions of different light reflectivity of the indicia. Edge transitions 
of at least a part of the analog electrical signal are analyzed to determine a level of blur in that part 
of the electrical signal. Based on the determined level of blur, one of a plurality of different 
techniques is selected for producing the digitized signal (in which transitions in the digital level of 
the signal correspond to boundaries between adjoining regions of different light reflectivity of the 

15 indicia). 

One or more of the following features may be incorporated in preferred implementations of 
the invention: The step of analyzing the edge transitions may be performed on a plurality of 
different parts of the analog electrical signal, and different digitizing techniques may be used on the 
dilferent parts of the analog signal depending on the level of blur in the different parts of the analog 

20 signal. The edge transitions may be ranked by magnitude, and ranked edge transitions may be 
analyzed to detect the extent of blur represented in the part of the electrical signal. The ranking may 
be done by forming a histogram of the magnitudes of the edge transitions. A decision that 
significant blurring exists may be based on the analog electrical signal havhig edge transitions of 
substantially different magnitudes. Edge transitions having less than a threshold magnitude may be 

25 rejected. The edge transitions may be grouped into sets by magnitude, and whether the difference 
between a first magnitude associated with a first set and a second magnitude associated with a 
second set is substantially equal to the difference between the first magnitude and a third magnitude 
associated with a third set may be tested. 

In a second aspect, the invention features determining whether an edge transition 

30 corresponds to a boundary between adjoining regions of substantially equal width; and based on the 
determination, producing the digitized electrical signal. 
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One or more of the following features may be incorporated in preferred implementations of 
the invention: Whether at least a part of the electrical signal is inconsistent with an alternating dark- 
and-light feature of a bar code symbol may be determined. If an inconsistency is found, at least that 
part of the analog electrical signal may be rejected. Whether a part of the analog electrical signal 
5 crosses a magnitude threshold more than once may be determined. If a part is found to cross tiie 
magnitude threshold more than once, at least that part of the analog electrical signal may be 
rejected. The extent to which an edge transition that corresponds to a boundary between two 
adjoining regions of different widths is affected by one of the regions may be determined. 

In a third aspect, the invention features determining that the analog electrical signal contains 

1 0 edge transitions corresponding to less than all of the boundaries between the adjoining regions of 
different light reflectivity of the indicia; for at least part of the analog electrical signal, determining 
the number of boundaries that lack corresponding edges; and based on the determination about the 
number of boundaries that lack corresponding edges, producing the digitized electrical signal. 

One or more of the following features may be incorporated in preferred implementations of 

1 5 the invention: Information about the relative positioning of the boundaries that lack corresponding 
edge transitions may be determined. Information about the relative positioning of at least three 
boundaries that lack corresponding edge transitions may be determined. Information about the 
relative positioning of boundaries that lack corresponding edge transitions, between regions of 
dissimilar light reflectivity of the indicia may be determined. The relative positioning may be 

20 determined with respect to intermediate points in the regions. Information about the relative 

positioning of boundaries that lack corresponding edge transitions, between regions of similar light 
reflectivity of the indicia may be determined. Relative positioning may be determined with respect 
to intermediate points in the regions. 

In a foxirth aspect, the invention features determining the relative heights of edge transitions 

25 in the analog electrical signal; and depending on the relative heights, selecting one of a plurality of 
different techniques for processing the electrical signal to produce the digitized electrical signal. 

In a fifth aspect, the invention features analyzing the edge transitions to classify at least a 
part of the analog electrical signal into one of three categories corresponding to slight, moderate, or 
severe levels of blur in that part of the analog electrical signal; if the part of the analog electrical 

30 signal is classified into the category corresponding a shght level of blur or into the category 
corresponding to a moderate level of blur, based on half-height points in edge transitions in the 
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analog electrical signal, determining information about the relative positions of boundaries between 
adjoining regions of different light reflectivity of the indicia; if the part of the analog electrical 
signal is classified into the category corresponding a severe level of blur, based on a determination 
about the number of regions disposed between regions about which relative positioning information 
5 is known, determining information about the relative positions of boundaries between adjoining 
regions of different Ught reflectivity of the indicia; and based on the information determined about 
the relative positions, producing the digitized electrical signal. 

In a sixth aspect, the invention features processing the electrical signal to determine a set of 
possible edge transition points in said signal; classifying at least some of the edge transition points 

1 0 against a predetermined amplitude and fi-equency threshold into at least two categories 

corresponding to the fi-equency spectrum or blur of the signal associated with each edge transition 
point; and separately processing each set of edge transition points in each category as a result of the 
classifying step, and combining the result to produce the digitized electrical signal. 

hi a seventh aspect, the invention features detecting edge transitions in the analog scan 

1 5 signal; determining the level of blur in the vicinity of each of a plurality of edge transitions; 

digitizing the edge transitions differently based on the determined level of blur in the vicinity of the 
edge transition; combining the results of the digitizing step to produce a digitized electrical signal 
firom the analog scan signal. 

Other advantages and features will become apparent fi-om the following description and 

20 from the claims. 

Brief Description of the Drawings 
FIG. 1 is a block diagram of a bar code handling system including an image analysis 

system. 

FIG. 2 is an illustration of a bar code symbol. 
25 FIGs. 3A-3E and 17 are illustrations of the effects of defocusing on a bar code symbol. 

FIGs. 4-5, 9-14 are flow diagrams of procedures for analyzing a bar code symbol. 
FIGs. 6, 8, and 18-19 are illustrations of waveforms derived from a bar code symbol. 
FIGs. 7A-7C, 15 are diagrams of histograms derived from a bar code symbol. 
FIGs. 16 and 20 are diagrams of linear relationships derived from a bar code symbol. 
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FIG. 21 is a block diagram of an example of an implementation of the image analysis 
system of FIG. 1. 

FIG. 22 is a block diagram of a laser scanning bar code reader supplying a brightness curve 
to the image analysis system. 
5 FIG. 23 is a drawing of a laser scanning bar code reader. 

Description of the Preferred Embodiments 
FIG. 1 illustrates an image analysis system 10 that processes a bar code image 12 
representing a bar code symbol (e.g., symbol 14), to determine a set 16 of positions of transitions 
between portions (e.g., portions 18aa-18cg in FIG. 2) of the bar code symbol. The bar code image 

1 0 is provided by an image acquisition system 20 that may include a lens apparatus 22 and a CCD 
imager 24, and a bar code interpretation system 26 may derive data 28 (e.g., a serial number) from 
the set of positions. The image analysis system is able to determine the set of positions even if the 
bar code image, or signal representing the image, is blurred, by relying on characteristics of blurred 
bar code images, as described below. 

15 In a specific embodiment described herein, the positions that are determmed are relative in 

that the positions indicate relationships among the transitions and are not used to determine absolute 
distances between transitions or absolute widths of portions of the bar code symbol. The 
determination of the relative positions allows ratios of absolute distances or ratios of absolute widths 
to be calculated, which ratios are sufficient for decoding the bar code symbol. For example, the bar 

20 code symbol can be decoded v^thout having to determine the absolute size of the bar code symbol 
or the absolute distance between the CCD imager and the bar code symbol and without having to 
refer to a scaling key in or near the symbol. Thus, as used herein, indications of spatial 
characteristics within the bar code symbol (e.g., position, width, distance, and size) refer to relative 
spatial characteristics (e.g., relative position, relative width, relative distance, and relative size, 

25 respectively). 

A signal representing a bar code can become blurred in different ways. For example, the 
blurring can result from the bar code symbol being out-of-focus, or from undersampling which 
occurs when the bar code symbol is represented in the bar code image by too few pixels to allow 
conventional decoding. (FIG. 18 illustrates the brightness of a bar code symbol of a bar code image 
30 in which undersampling causes some transitions between portions to fail to register fully or at all.) 
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A symbol that is tilted with respect to the image acquisition system, or that is obscured by an 
intervening factor (e.g., fog inside a freezer) may also lead to a blurred bar code signal. Blurring 
can also be caused by electronic processing such as filtering involving a linaited bandwidth channel 
or a low pass filter. In general, a signal is blurred if the subject represented by the signal (e.g., a bar 
5 code symbol) includes distinct transitions between elements (e.g., edges between dark and light 
portions) and at least some of the transitions (e.g., transitions that do not meet an amplitude 
threshold or a frequency threshold) are not accurately represented (e.g., are reduced in amplitude or 
are skewed or both). 

FIG. 17 illustrates some effects of some kinds of blurring, which effects are described in 
10 more detail below. Solid and dashed lines 160 and 162 show the brightness of a bar code symbol 
according to an in-focus image and an out-of-focus image, respectively. Transitions 164a and 164c 
are between similarly-sized portions and therefore deform substantially symmetrically, allowing 
their positions to be determined by reference to dashed line mid-height points 166a and 166c, 
respectively. In contrast, since transition 164b is between dissimilarly-sized portions and therefore 
15 deforms asymmetrically, dashed line mid-height point 166b is a significantly less accurate indicator 
of its position. 

The characteristics of some blurred signals are illustrated by FIGs. 3 A-3E that correspond to 
progressively more blurred signals. In waveform ("curve") 15a of FIG. 3 A, which illustrates the 
brightness of symbol 14 along line A-A for a minimally blurred image (i.e., for a substantially clear 

20 image), transitions between dark and light portions (e.g., between portions 1 Sac and 1 Sad, and 
portions ISad and ISae) are represented by substantially vertical lines (e.g., lines 30 and 32, 
respectively), each of which has a height hi signifying a change between minimal brightness and 
maximal brightness. Deriving data accurately from the minimally blurred image is substantially 
straightforward, because the positions of the transitions can be determined accurately regardless of 

25 the brightness threshold (e.g., threshold 34 or threshold 36) applied to distinguish light portions 
(e.g., portion ISad) from dark portions (e.g., portion ISae). 

FIG, 3B shows the brightness of symbol 14 along line A-A for a slightly blurred signal. In 
waveform 15b of FIG. 3B, transitions between dark and Ught portions (e.g., between portions ISac 
and ISad, and portions ISad and ISae) are represented by slightly non-vertical lines (e.g., lines 3S 

30 and 40, respectively), each of which has a height substantially equal to height hi . Without the 
processing described below, deriving data accurately from the slightly blurred image would be 
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difficult, because the brightness threshold applied (e.g., threshold 34 or threshold 36) has a 
significant effect on the determination of the positions of the transitions. For example, depending 
on whether threshold 34 or threshold 36 is applied, the position of the transition represented by line 
41 may be determined to be position 42 or position 44, respectively. In particular, a brightness 
5 threshold that leads to an accurate derivation of data from the minimally blurred image may lead to 
an inaccurate derivation of data from the sHghtly blurred image. 

FIG. 3C illustrates the brightness of symbol 14 along line A-A for a moderately blurred 
signal. In v^aveform 1 5c of FIG. 3C, the transitions between dark and light portions (e.g., between 
portions 18ac and 18ad, and portions 18ad and ISae) are represented by lines (e.g., lines 46 and 48, 

10 respectively) that are even less vertical than corresponding lines of FIG. 3B. In addition, some of 
the lines have heights that are significantly less than height hi . For example, lines 50 and 52 have 
heights h2 and h3, respectively, which heights signify changes in brightness between minimal (or 
maximal) brightness and a gray level, and between two gray levels, respectively. As explained 
below, the heights hi , h2, and h3 conform to the equation hl-h2 = h2-h3. Without the processing 

1 5 described below, deriving data accurately from the moderately blurred image would be very 

difficult, because some transitions may be missed entirely, depending on the brightness threshold 
applied (e.g., the transition represented by line 52 is missed entkely if threshold 34 or threshold 36 
is appUed). 

FIG. 3D shows the brightness of symbol 14 along line A-A for a severely blurred signal. In 
20 waveform 15d of FIG. 3D, transitions between some dark and Ught portions are represented by lines 
of height h4 (e.g., line 54) or height h5 (e.g., line 56). In the severely blurred image, transitions 
between other, narrower, portions (e.g., portions 18ab and 18ac) are so blurred that such transitions 
are not represented in FIG. 3D by lines of any significant height. 

As shown in FIG, 4, to determine the set of positions, the image analysis system first 
25 executes a procedure 60 (FIG. 5) to determine whether the image is slightly, moderately, or severely 
blurred (step 1010), and then executes a procedure 62 (FIG. 9), a procedure 64 (FIG. 12), or a 
procedure 118 (FIG. 14), respectively, to detemune the set of positions (step 1020). 

FIG. 5 illustrates procedure 60 for determining whether the signal is slightly, moderately, or 
severely blurred. Procedure 60 relies on some of the characteristics described above, i.e., that 
30 slightly blurred signals produce essentially one magnitude of transitions (represented by height hi 
noted above), that moderately blurred signals produce essentially three magnitudes of transitions 
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(represented by heights hi, h2, and h3 noted above), and tiiat severely blurred signals produce 
essentially two magnitudes of transitions (represented by heights h4 and h5 noted above). 

According to procedure 60, the image analysis system receives data representing a 
brightness waveform (e.g., waveform 15b of FIG. 3B) derived from a blurred signal (step 2010). hi 
the waveform, the system determines lines (also known as "edges") (e.g., edges 70, 72 in FIG. 3B) 
by finding portions between local minimums and local maximums (e.g, local mmimum 74 and local 
maximum 76 for edge 70) (step 2020). The height of each edge is a relative height equal to the 
difference between the vertical positions of the local maximum and minimum. The use of the 
relative height allows the system to significantly avoid the influence of low-frequency noise, i.e., 
noise having a lower spatial frequency than the spatial frequencies present in the bar code symbol. 
For example, FIG. 6 shows brightness wavefomi 78 having a second half 80 that is buoyed on a 
crest of a period of a low-frequency noise signal 82, The use of relative height instead of absolute 
height effectively filters out the crest. 

The system creates data representing an edge-height histogram (e.g., histogram 84a, 84b, or 
84c shown in FIG. 7A, 7B, or 7C, respectively) (step 2030). In the histogram, the x-axis indicates 
height as a fraction of the maximum possible height (corresponding to the maximum possible 
brightness), and the y-axis indicates a number of edges. For example, in histogram 84c, point 86 
indicates that 10 edges of the brightness waveform have a height 0.65. 

To filter out high-frequency noise tiiat appears as relatively small edges in the brightness 
curve, a height threshold (e.g., set to a level in the range of one-eighth to one-quarter the maximum 
possible height) may be applied to the histogram. If the height threshold is set to a high level, a 
histogram that would otherwise be processed as a tri-modal histogram (described below) may be 
treated as a bi-modal histogram (described below) instead, because at the high level the height 
threshold may eliminate some edges that represent actual transitions of the image, not noise. 

The system determines whether the histogram is a tri-modal histogram (step 2040), To do 
so, the system attempts to find spaces (i.e., x-axis positions that correspond to none of the edges) in 
the histogram that divide ttie histogram data into three equal-sized sections (e.g., sections 88a, 88b, 
and 88c in FIG. 7C), and, if successM, then tests whether the data in the sections substantially 
conforms to the equation hl-h2 = h2-h3 that is mentioned above and that is illustrated in FIG. 8. An 
edge of height hi represents a transition between a wide ("saturated") light portion and a saturated 
dark portion (e.g., between portions 18br and 18bs of FIG. 2). An edge of height h2 represents a 
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transition between a saturated light portion and a narrow ("unsaturated") dark portion (e.g., between 
portions 18bj and 18bk of FIG, 2), or between a saturated dark portion and an unsaturated light 
portion (e.g., between portions 18aq and ISar of FIG. 2). An edge of height h3 represents a 
transition between an unsaturated light portion and an unsaturated dark portion (e.g., between 

5 portions ISba and 18bb of FIG. 2). 

Before testing whether the data in the sections substantially conforms to the equation hi -h2 
= h2-h3, the system may reduce the data in each section to a respective weighted average, and test 
the weighted averages instead. Histogram 84c of FIG. 7C is an example of a histogram that has 
data substantially conforming to the equation, and that therefore is a tri-modal histogram. 

10 If the system determines that the histogram is a tri-modal histogram, the image is 

determined to be a moderately blurred image, and the image's brightness curve is processed 
according to procedure 64 (FIG. 12) described below (step 2050). 

Otherwise, the system determines whether the histogram is a bi-modal histogram (step 
2060). To do so, the system attempts to find a space in the histogram that divides the histogram 

1 5 data into two equal-sized sections (e.g., sections 90a and 90b in FIG. 7B), and, if successful, 

determines whether the difference between weighted averages of the data in the two sections is at 
least as great as the difference between the smaller of the weighted averages (i.e., the weighted 
average for the left section in the histogram) and the height threshold described above. Such 
differences are present in histogram 84b of FIG. 7B, which is an example of a histogram that 

20 qualifies as a bi-modal histogram. 

If the system determines that the histogram is a bi-modal histogram, the image is determined 
to be a severely blurred image, and the image's brightness curve is processed according to procedure 
1 1 8 (FIG. 14) described below (step 2070). 

Otherwise, the system determines whether the histogram is a uni-modal histogram (step 

25 2080), in which substantially all of the edges have the same height hi . Histogram 84a of FIG. 7A is 
an example of a histogram that qualifies as a uni-modal histogram. 

If the system determines that the histogram is a uni-modal histogram, the image is 
determined to be a slightly blurred image, and the image's brightness curve is processed according 
to procedure 62 (FIG. 9) described below (step 2090). 

30 Otherwise, the system rejects the image (step 2 1 00). 
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If the image is more than slightly blurred but less tiian moderately blurred, producing a 
histogram that is not xmi-modal but also not fully tri-modal, either procedure 62 (FIG. 9) or 
procedure 64 (FIG. 12) may be used to process the image's brightness curve. If the image is more 
than moderately blurred but less than severely blurred, producing a histogram in which one of three 
sections is near or below the height threshold, procedure 1 1 8 (FIG. 14) may be used to process the 
image's brightness curve. 

In procedure 62 (FIG. 9) for processing slightly blurred images, the position of each 
transition (e.g., between portions 18bw and 18bx in FIG. 2) m the bar code symbol is determined to 
be the position (e.g., position 92 in FIG. 3B) defined by a level (e.g., level 94) at which the 
corresponding edge (e.g., edge 96) reaches half its relative height, i.e., a half-height level. The half- 
height level is used because in a slightly blurred image, the edge shape is assumed to be deformed 
symmetrically. In particular, the system executes a calculate height procedure 98 (FIG. 10) 
described below to determine a calculated height level (in this case, a half-height level) for each 
transition (step 3010), and then executes a find position procedure 100 (FIG. 1 1) described below to 
determine a position for each transition (step 3020). 

The system executes the calculate height procedure 98 (FIG, 10) as follows to produce 
calculated height levels. In view of the fact that the bar code symbol includes alternating Ught and 
dark portions, it is assumed that the portions of the bar code symbol conform to the following 2 
rules implementing a state machine: (1) any transition fi*om a saturated or unsaturated light portion 
must be to a saturated or unsaturated dark portion, and (2) any transition firom a saturated or 
unsaturated dark portion must be to a saturated or unsaturated light portion. Before tiie first (i.e., 
leftmost) edge is encountered in tiie brightness curve, tiie current portion is assumed to be a 
saturated light portion (step 40 1 0). It is determmed whetiier the next edge height is greater than tiie 
height tiireshold (step 4020). If not, step 4020 is repeated for tiie next edge. 

Otherwise, it is determined whetiier tiie edge height and direction are consistent v^th tiie 
state machine rules (step 4030). For example, if tiie current portion is a saturated or unsaturated 
dark portion, an edge direction representing a decline in brightness would be inconsistent witii the 
state machine rules. If inconsistency is found, tiie image is rejected (step 4040). 

Otherwise, the state machine position of the current portion is noted (step 4050), and a 
calculated height level is produced by taking the average of vertical positions of tiie local minimum 
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and maximum that define the edge, i.e., by selecting the half-height level of the edge (step 4060). 
Steps 4020-4060 are flien repeated for all remaining edges in the brightness waveform (step 4070). 

The system executes the find position procedure 100 (FIG. 11) as follows to produce 
positions for each edge. Steps 5010-5030 are executed for each edge. The system determines 
whether the edge crosses tiie calculated height level only once (step 5010). If not, tiie image is 
rejected (step 5020), because a repeated crossing signifies that the edge has a horizontal component 
(e.g., component 102 of FIG. 3D), indicating that the image is actually severely blurred (despite 
having been determined by procedure 60 above to be only sUghtly blurred), so that some transitions 
in the bar code symbol are not represented by edges in the brightness curve. 

Otherwise, the system records in set 16 the position at which the edge crosses the calculated 
height level (step 5030), which position is taken to be the determined position of the transition 
represented by the edge. 

In procedure 64 (FIG. 12) for processing moderately blurred images, the position of each 
transition (e.g., between portions 18bq and 18br in FIG. 2) in the bar code symbol is determined to 
be the position (e.g., position 104 in FIG. 3C) defined by an adjusted calculated height level. As 
explained below, the half-height level discussed above is not used for edges having height h2 
corresponding to the middle section of the histogram (e.g., section 88b of FIG. 7C) ("medium height 
edges") because such medium height edges represent transitions between saturated and unsaturated 
portions (e.g., portions 18bs and 18bt in FIG. 2), which transitions do not deform symmetrically. In 
particular, the system executes the calculate height procedure 98 (FIG. 10) described above to 
determine a calculated height level (i.e., a half-height level) for each transition (step 6010), executes 
a calculated height adjustment procedure 106 (FIG. 13) to produce adjusted calculated height levels 
fi-om the calculated height levels (step 6020), and then executes the find position procedure 100 
(FIG. 1 1) described above to detemune a position for each transition (step 6030). Thus, tiie 
intermediate adjustment step (step 6020) is only difference between procedure 62 and procedure 64, 
except that procedure 64 calls for the find position procedure 100 (FIG. 1 1) to use the adjusted 
calculated height levels. 

The system executes the calculated height adjustment procedure 106 (FIG. 13) as follows to 
produce the adjusted calculated height levels fi-om the calculated height levels, i.e., to apply 
adjustments to the half-height levels for edges having medium heights. Steps 7010-7060 are 
executed for each edge. The system determines whetiier the edge has a medium height (step 7010). 
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If not, the system sets the adjusted calcvilated height level eqvial to the calculated height level (step 
7020), and goes on to the next edge. The adjusted calculated height levels for the edges having non- 
medium heights are simply the half-height levels determined as discussed above in the description 
of the calculate height procedure 98 (FIG. 10). For such edges (called "anchor edges" for purposes 
5 described below), no adjustment is necessary, because such edges represent symmetrical transitions, 
i.e., transitions between saturated light and saturated dark portions (e.g., portions 18br and ISbs in 
FIG. 2), or between unsaturated dark and unsaturated light portions (e.g., portions 1 8ba and 1 8bb in 
FIG. 2). Such symmetrical transitions deform symmetrically, allowing the use of the half-height 
levels. 

10 If the edge has a medium height, the system determines the two nearest anchor edges (e.g., 

in FIG. 3C, anchor edges 108 and 1 10 for medium-height edge 1 12) (step 7030). Using the half- 
height levels previously determined for the two nearest anchor edges, the system determines an 
anchor height level for tfie medium-height edge (step 7040). The anchor height level is determined 
by mterpolation if the medium-height edge is between the two anchor edges, or by extrapolation if 

1 5 not. For example, for anchor edges 1 08 and 1 1 0 and medium-height edge 1 12 in FIG. 3C, anchor 
height level 1 16 is determined where dashed line 1 14 intersects medium-height edge 1 12. 

The system also calculates a relative modulation value for the medium-height edge (step 
7050). The medium-height edge represents an asymmetrical transition, i.e., a transition between an 
unsaturated portion and a saturated portion (e.g., in FIG. 2, between portions 18ap and 18aq or 

20 between portions 1 8bu and 1 8bv). The relative modulation value is calculated by dividing the 
relative height of the medium-height edge by double the relative height of an edge representing a 
transition between saturated portions, i.e., by calculating h2/(2*hl), and is indicative of the extent to 
which the saturated portion dominates the unsaturated portion in the transition represented by the 
medium-height edge. 

25 An adjusted calcxriated height level is calculated for the medium-height edge (step 7060), by 

taking a weighted average of the medium-height edge's half-height level and the anchor height level. 
The weighted average is taken by multiplying the anchor height level by the relative modulation 
value to produce a weighted anchor height level, multiplying the half-height level by the difference 
of 2 less the relative modulation value to produce a weighted half-height level, sunmiing the 

30 weighted anchor height level and the weighted half-height level, and dividing the sum by 2. 
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The adjusted calculated height level is then ready for use by the find position procedure 100 
(FIG. 1 1) as described above. 

In procedure 1 1 8 (FIG. 14) for processing severely blurred images, the position of each 
transition is determined in a way that is significantly different fi-om the procedures described above 
5 for processing sKghtly or moderately blurred images. Since in this case only saturated portions 
(e.g., portions 18aq and 18av in FIG. 2) of the bar code symbol are reliably represented in the 
brightness curve, the positions of the transitions involving tiie other, narrower, portions are 
estimated by determining the number of such other portions present in between the saturated 
portions. Specifically, it is assumed that each narrow portion has substantially the same v^dth, so 
1 0 that a matched pair of narrow portions, i.e., one dark narrow portion plus one light narrow portion, 
has a width equal to twice the width of a single narrow portion (a "doublewidth"). Procedure 1 1 8 
relies on the fact that due to the dark-and-light altemating nature of bar code symbols, each 
P saturated portion (e.g., dark saturated portion 18aq in FIG. 2) is separated firom its nearest 

neighboring saturated portion (e.g., white saturated portion 1 8av or dark saturated portion 1 Sao) by 
1 5 a number of narrow portions that is odd or even, depending on whether the nearest neighboring 
y saturated portion is similar or dissimilar, respectively. As described below, procedure 1 1 8 exploits 

S this odd/even difference to estimate the doublewidtti, which allows the procedure 1 1 8 to determine 

- the positions of the transitions involving the narrow portions. 

b The system executes procedure 1 18 (FIG. 14) as follows. The system creates an even 

^ 20 histogram that inchades the distances between dissimilar saturated portions (step 80 1 0), and an odd 
0 histogram that inchides the distances between similar saturated portions (step 8020), For example, 

fi-om data for curve 15d shown in FIG. 3D, the system produces histogram 120 of FIG. 15, in which 
solid and dashed lines (e.g., solid Une 122 and dashed line 124) represent data for the even and odd 
histograms, respectively. In FIG. 3D, an example of a distance between similar saturated portions is 
25 distance 126 between edges 128 and 130 that correspond to light saturated portions 18az and 18bj, 
respectively, in FIG. 2. An example of a distance between dissimilar saturated portions is distance 
132 between lines 134 and 136 that correspond to light portion 18av and dark portion 18aq, 
respectively, in FIG. 2. 

In at least some cases, it may be advantageous to determine the distance between dissimilar 
30 saturated portions by measuring between 25% and 75% points (e.g., between points 138 and 140) of 
the associated edge or edges. The use of such points may make the distance measurements less 
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susceptible to errors caused by a substantially flat gray level area (e.g., area 142) at a 50% point or 
high-frequency noise at peak and valley areas (e.g., areas 146 and 144). 

Similarly, in at least some cases, it may be advantageous to determine the distance between 
similar saturated portions by measuring between respective 50% points (e.g., points 148 and 150). 
5 As shown in FIG. 1 5, in the even and odd histograms, the horizontal axis indicates distance 

(which may be scaled by a factor) and the vertical axis indicates the number of instances found of 
each distance. 

The system organizes the odd and even histogram data points into clusters, i.e., groups 
wherein each group represents a particular number of doublewidths (step 8030). The system may 

1 0 proceed as now described in an example. The system selects the data points from the histogram that 
has the largest span (e.g., the odd histogram in FIG. 15). If it is known that the maximum number 
of consecutive narrow portions is 13, it is assumed that such data points may represent up to only 
six clusters. To determine which number between 1 and 6 is the proper number of clusters, each 
number is tested, as follows. The span selected (e.g., span 0 to 65 in FIG. 15) is divided into equal- 

1 5 sized sections according to the number under test. For each data pomt found in each section, the 
system determines a difference dx between the location of the data point and the center of the 
section. After the system determines a standard deviation for dx which represents the extent to 
which the data points are spread out, on average, in each section, the standard deviation is divided 
by the section size to produce a score. The number under test that produces the lowest score is 

20 selected by the system as the correct number of clusters. The system may similarly test the data 
points from the other histogram to confirm that the correct number was selected. 

The system determines linear relationships (e.g., lines 152 and 154 of FIG. 16) that relate the 
cluster numbers to the distances represented by the data points (step 8040). The doublewidth is 
determined to be equal to the average of the slopes of the linear relationships (step 8050). The 

25 slopes may be calculated by a method of joint linear regression with common slope, using least- 
squares. 

Armed with the determined doublewidth, the system then determines the number of narrow 
portions between dissimilar and similar saturated portions (step 8060). For each distance between 
dissunilar saturated portions, the number is equal to twice the number of doublewidths that fit in the 
30 distance. For each distance between similar saturated portions, Ihe number is equal to the number 
of doublewidths that fit in the distance, plus one. 
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Since the saturated portions are explicitly represented in the brightness curve, the system can 
determine the positions of the transitions between all of the bar code symbol's portions by dividing 
up the distances between the saturated portions according to the determined number of narrow 
portions between the saturated portions (step 8070). 
5 In another embodiment, the system operates with the following differences. To determine 

whether the image is shghtly, moderately, or severely blurred, the system relies on an edge-by-edge 
peak-valley analysis in which each edge is classified in turn by its height relative to the height of a 
previously classified adjacent edge. Thus, edges are analyzed in successive, overlapping pairs. In 
each pair, the relative heights are expressed as a ratio of the lesser of the two heights to the greater 
10 of the two heights. To avoid false edges resulting from high-frequency noise, if the ratio is less than 
a predetermined fraction (e.g., one-quarter), the smaller edge is ignored, i.e., is considered a part of a 
different, larger edge. 

Each edge is classified into one of three height classes: for transitions between saturated 
light and saturated dark ("class 1 "), between unsaturated light or dark and saturated dark or light 

15 ("class 2"), or between unsaturated light and unsaturated dark ("class 3"). The class of the 

previously classified adjacent edge determines the set of possible classes for the edge currently 
being classified. If the previously classified adjacent edge belongs to class 1 which requires that the 
portion between the edges in the pair be a saturated portion, the current edge may belong to class 1 
or class 2 but not class 3. Where the previously classified adjacent edge belongs to class 2 or 3, the 

20 set of possible classes includes classes 1-3 or classes 2-3, respectively. 

If the ratio is greater than another predetermined fraction (e.g., three-quarters), the current 
edge is determined to belong to the same height class as the previously classified adjacent edge. 
Otherwise, the current edge is classified into one of the other classes m the set of possible classes, 
i.e., into class 1 or 3 (the current edge corresponding to the greater or the lesser, respectively, of the 

25 two heights in the ratio) if the previously classified adjacent edge belongs to class 2, or into class 2 
if not. 

After the edges have been classified, the system determines peak and valley points such as 
points 168 and 170 (FIG. 19) for the whole brightness waveform. In accordance with the 
classification of the edges, each of these points corresponds to saturated Ught, saturated dark, 
30 unsaturated light, unsaturated dark, or gray. 
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If the image includes points corresponding to gray, the image is determined to be severely 
blurred. Otherwise, the image is determined to be moderately blurred if points corresponding to 
unsaturated dark or light are found, or slightly blurred if not. 

Slightly blurred images are processed as described above. The processing of moderately 
5 blurred images differs from the processing described above in that the edges are analyzed in groups, 
wherein each group is delimited by a saturated peak point and a saturated valley point, and the 
average of the delimiting points serves as the anchor height level for each edge in the group. 

In the processing of severely blurred images, the distances between the saturated portions 
are determined not by reference to the 25%, 50%, or 75% levels described above but by reference to 
10 calculated reference levels instead. Each calculated reference level is calculated by taking the 
average of the corresponding peak or valley point and a local average gray level derived by 
averaging all of the peak and valley points between the saturated portions. 

The width of a narrow portion ("singlewidth") is determined instead of the doublewidth, by 
using both odd and even histogram data to determine a single linear relationship (e.g., line 172 of 
1 5 FIG. 20). Parity between odd and even histogram data is preserved by aligning a data point from 
the odd histogram data with an odd horizontal point even if the data point is closer to an even 
horizontal point. 

In at least some cases that may involve significant noise, undersampling, non-uniform 
illumination, or a failure to find any edge of height hi , this other embodiment can determine the 
20 positions where the first-described embodiment cannot. 

FIG. 21 illustrates an example of a scanner system based on the invention. The image 
analysis system 10 and bar code interpretation system 26 are implemented by a processor circuit 
174 (e.g., a PowerPC processor) communicating with control logic 178 (e.g., an ASIC) responsive 
to a trigger circuit 180 (e.g., a switch) to store in a memory circuit 176 (e.g., a flash memory) the bar 
25 code image 12 (e.g., a 8-bit 624x480 image) acquired via the image acquisition system 20, and the 
set 16 of positions of transitions derived from the bar code image. The data 28 is transmitted to a 
computer 1 82 via a serial port 1 84 (e.g., an RS-232 port). 

For the purpose of acquiring the bar code image, the control logic responds to signals from 
the processor to activate a framing illumination circuit 1 86 (e.g., a circuit producing a diffracted 
30 laser beam) to allow the scaiming system to be aimed, and an image illumination circuit 188 (e.g., a 
circuit including an LED array) to illuminate the bar code symbol 14. In the image acquisition 
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system 20, image data is derived in the CCD imager 24 by an analog-to-digital converter circuit 192 
from signals produced by a CCD circuit 190 from light captured by the lens apparatus (e.g., a 
passive fixed lens), which image data is passed to the control logic to form the bar code image in the 
memory. 

The image analysis system, the bar code interpretation system, the image acquisition system, 
and the framing and image illumination systems may be arranged in a single scanner imit 192 fliat 
may be a handheld scanner. Altematively, the computer may provide at least the processor and 
memory circuits so that the procedures described above are executed in the computer according to 
computer software loaded in the computer, with the computer's keyboard or mouse or a sensor 
device serving as the trigger circuit. 

In any case, the techniques (i.e., the procedures described above) may be implemented in 
hardware or software, or a combination of both. In at least some cases, it is advantageous if the 
techniques are implemented in computer programs executing on progranmiable computers that each 
include a processor, a storage medium readable by the processor (including volatile and non-volatile 
memory and/or storage elements), at least one input device such as a keyboard, and at least one 
output device. Program code is appUed to data entered using the input device to perform the 
procedure described above and to generate output information. The output information is applied to 
one or more output devices. 

In at least some cases, it is advantageous if each program is implemented in a high level 
procedural or object-oriented programming language such as ANSI C to communicate with a 
computer system. The programs can be implemented in assembly or machine language, if desired. 
In any case, the language may be a compiled or interpreted language. 

In at least some cases, it is advantageous if each such computer program is stored on a 
storage medium or device (e.g., ROM or magnetic diskette) that is readable by a general or special 
purpose programmable computer for configuring and operating the computer when the storage 
medium or device is read by the computer to perforai the procedures described in this document. 
The system may also be considered to be implemented as a computer-readable storage medium, 
configured WiHi a computer program, where the storage medium so configured causes a computer to 
operate in a specific and predefined manner. 

Other embodiments are within the scope of the following claims. For example, the image 
analysis system may be applied to a brightness curve produced by a laser scanning bar code reader. 
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as shown in FIG. 22. A laser scanning bar code reader is shown in FIG. 23. One or more of the 
procedures for processing blurred signals may be used independently, e.g., without a preceding 
execution of the procedure for determining whether the signal is slightly, moderately, or severely 
blurred. 

The invention applies to all types of signals, including analog signals representing images. 
For example, one or more of the procedures described above may be applied to an analog electrical 
signal containing information representative of reflected light from indicia (e.g., a bar code symbol) 
including regions of different Hght reflectivity (e.g., the dark and Ught portions described above). 
An analog scan signal may be produced that is representative of light sensed from the bar code 
symbol, and at least one of the procedures described above may be applied to the analog scan signal. 
The analog electrical signal need not literally be an analog signal; it can be represented by a 
sampled (and thus digital) signal. 

What is claimed is: 
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